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For realistic predictions of global thermospheric dynamics using thermospheric general circulation
models (TGCMs), one of the main problems lies in the specification of the three-dimensional,
time-dependent forcing fields for any given day. The September 18-19, 1984, Equinox Transition
Study (ETS) interval was simulated using the National Center for Atmospheric Research TGCM with
inputs guided by observations. During the ETS campaign, large quantities of high-quality data were
available from high latitudes, and the high-latitude forcings for the TGCM could therefore be defined
with precision for this period. The importance of upward propagating semidiurnal tides is also

--1 emphasized. This is the first realistic time-dependent simulation to incorporate upward propagating
tides. Magnetically quiet conditions prevailed for several days prior to the magnetic storm which beganabout 0930 UT on September 19, 1984. The storm generated major disturbances in the global
circulation, temperature, and composition of the thermosphere. A description of the simulated quiet

,II time thermospheric structure for September 18 is contrasted with the storm time behavior on
September 19. Several features of the storm response are described, including the generation of
large-scale equatorward propagating disturbances. Longer-lived perturbations of the neutral temper-
ature and composition are also discussed. A new feature has been discovered in the model predictions1, for altitudes around 200 km. This feature comprises a quasi-fixed four-cell pattern of high- and
low-density regions in the polar cap. The exact location of the feature varies with UT, and the
magnitude of the density perturbations depends on the strength of the high-latitude convection.

1. INTRODUCTION data set was unique among campaigns of this nature and

The experimental phase of the Equinox Transition Study aroused a great deal of interest in the aeronomy community.
(ETS) took place between September 17 and 24, 1984. One The development of the National Center for Atmospheric
of the initial objectives of the ETS was to investigate Research (NCAR) thermospheric general circulation model
changes in the thermospheric circulation at the transition (TGCM) has been described in a series of papers by Dickin-
from one zonal mean solstice pattern (June) to another son et al. [1981, 19841, Roble et al. [1982, 1983], and Fesen
(December). These changes are predicted to occur within a et al. [1986]. Roble et al. [1987] and Roble and Ridley [1987]
week of equinox and have important implications for sea- have described various parameterizations of high-latitude
sonal variations of temperature, density, and composition in magnetospheric convection and auroral particle precipita-
the thermosphere [Roble et al., 19771. The broader aim of tion that have been incorporated in the NCAR TGCM. A
ETS is to understand the electromechanical response of the diagnostic package for the TGCM has also been designed to
ionosphere-thermosphere system to variable high-latitude analyze some of the physical processes that are operating
forcing [Carlson and Crowley, this issue], within the model [Killeen and Roble, 1984].

The experimental design resulted in a large quantity of In recent years, TGCMs have been developed to study the
high-quality data, and coverage was global rather than basic global circulation, temperature, and compositional
mesoscale. Eight polar-orbiting satellites, five incoherent structure of the thermosphere and its response to solar and
scatter radars, and many other diagnostics measured neutral auroral activity. The TGCMs have been used to examine the
and charged particle densities, temperatures, winds, electric mean or averaged solar-driven thermospheric circulation for
fields, and energetic particle precipitation. The 8-day period equinox and solstice conditions [Fuller-Rowell and Rees,
involved the most disturbed day of the year and a day half as 1980, 1983; Dickinson et al., 1981, 19841, the response to
disturbed, separated and preceded by quiet days. The ETS auroral particle precipitation and model substorms [Fuller-

Rowell and Rees 1981, 1984; Smith et al., 1982; Rees, 1985;
'Now at Center for Atmospheric Research, University of Lowell, Roble et al., 1987], the mean high-latitude thermospheric

Lowell, Massachusetts. circulation in comparison with Dynamics Explorer satellite

Copyright 1989 by the American Geophysical Union. data [Roble et al., 1983, 1984; Rees et al., 1983, 1985, 1986;

Paper number 891A01549. Hays et al., 1984; Killeen and Roble, 19841, and the winds
0148-0227/89/89JA-01549$05.00 over a given ground station [Hernandez and Roble, 1984a, b;
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Sipler et al., 1981, 1983; Meriwether et al., 1984; Sica el al., 50
1986a, b; Rees et al.. 1980, 1984, 19861. In addition, various --
wave models have also been developed to study the propa- . 0 . ......................---
gation of aurorally generated disturbances [e.g., Mayr et al.,
1984a, b]. -50

To obtain realistic predictions of global thermospheric .
dynamics using TGCMs, one of the main problems lies in the I
specification of the three-dimensional, time-dependent, forc-
ing fields for any given day. The usual high-latitude input
models represent average conditions obtained from many
days of data and cannot be expected to accurately reproduce
the appropriate inputs for any specific day. To date, little 30

effort has been made to reduce the number of free parame-
ters in the thermospheric models (by reference to large 0* 18 19 20 21 22 23 2417 1 9 2 1 2 3 2

quantities of data) and then to accurately simulate conditions
at a large number of locations simultaneously. Roble et al. Fig. I. Variation of magnetic D.%l and Kp indices for the Equinox
[19871 recently simulated the thermospheric response to the Transition Study of September 17-24, 19K4.

magnetic storm of March 22, 1979. Roble ei al. [19881 also
simulated a second interval close to solar maximum: No-
vember 21-22, 1981, a period of steady magnetospheric September 19, the Dst index increased decisively from + 15
forcing. Both of these studies resulted in areas of agreement nT to +30 nT before plunging to -67 nT at 12 UT. Recovery
and disagreement between the TGCM predictions and vari- of the Dst index to small negative values occurred over the
ous data sets, and both identified problems in defining the next 60 hours, with Kp returning to low levels at the end of
high-latitude convection pattern for specific days. September 20. This magnetic storm was not associated with

In the present study, the NCAR TGCM has been used to a sudden commencement (sc) and therefore belongs to the
simulate the ETS campaign core period of September 18-19. class known as gradual onset storms.
The thermospheric simulations presented in this paper rep- Figure 2 presents the AE and hemispheric power (lip)
resent the "'state of the art" for time-dependent modeling, in indices for September 19. These indices have a higher time
that new and improved formulations have been used for the resolution than the Kp or Dst indices. The main features of
convection and particle precipitation inputs, and the effects the AE index are three large substorms commencing around
of upward propagating semidiurnal tides have been included. 0930, 1500, and 1800 UT. The AE index rises from 100 nT at
The arbitrary adjustment of input variables in order to obtain 09 UT to more than 1000 nT by II UT. The ip index
thermospheric predictions which match measurements was lFu/ler-Rowell and Evans, 19871 has less variability than the
avoided in this study. Details of the TGCM inputs are AE index and does not appear to track individual substorms,
described below. although the general increase of activity is evident after 09

For the quiet day (September 18) the effects of both tides UT. Also shown in Figure 2 are the cross-polar cap potential
and high-latitude forcing on the global thermospheric mor- difference and Joule heating obtained from the assimilative
phology are illustrated. The storm day behavior is then mapping of ionospheric electrodynamics (AMIE) technique
contrasted with the quiet day, emphasizing the increased [Knipp ea al.. this issuel. The potential and Joule heating
importance of the high-latitude forcing. In a companion display large variations which are well correlated with the
paper [Crowley et al., this issue] the TGCM predictions are variations in AE. The potential on September 19 remained
compared with data from many locations, including incoher- above 100 kV for 2 hours from 1030 to 1230 UT and reached
ent scatter radars, ionosondes, and a satellite accelerometer. a maximum value of about 160 kV. The ionosphere never /
The validity of the TGCM predictions is assessed on a regained a quiescent state between substorms, and the
statistical basis, and the general utility of such predictions is substorms were superposed on a generally increased level of -
discussed. activity. To summarize, the ETS interval represents a geo-

magnetically variable period with close to solar minimum

2. GEOPHYSICAL CONDITIONS FOR conditions. The work described here thus makes a particu-

SEPTEMBER 18-19, 1984 larly interesting contrast with the work of Rohble a l. 11987].
who studied a magnetically active equinox interval for so!ar

The solar F10.7 flux was very low and typical of solar maximum conditions.
minimum conditions, although the true solar minimum did
not occur until late 1985, more than a year later. Figure I 3. SPECIFICATION OF TGCM INPUTS
illustrates the variation of the Kp and Dst indices for
September 17-21, 1984. The geomagnetic storm that began General details of the inputs required by the TGCM have
on September 19, 1984, was "isolated" in the sense that the been described in the papers listed in the introduction. A
storm was preceded by several days of very quiet conditions diurnally reproducible TGCM solution for the prestorm
and followed by a moderately quiet day. Kp had values of conditions of September 17, 1984, was obtained prior to any
less than 3o from 00 UT on September 16 until 09 UT on attempt at modeling the ETS interval. The diurnally repro- !odo
September 19, at which time it rose from 2+ to 6o and ducible solution assumed a time-invariant ionospheric con-
remained at least 4o or above for 24 hours. Similarly, the Dst vection pattern with a cross-polar cap potential drop of 20 'or

index remained in the range -2 nT to + 12 nT from Septem- kV and it small auroral oval with the total power input from
ber 13 to 15 UT on September 18. Between 00 and 05 UTon particle precipitation of 2 x 10"1 W. The TGCM time step



CROWLEY ET AL.: NCAR TGCM FOR ETS. I, SIMULATION 16,927

1400 8. . . .
(a) (b)

1200-

600-
10006

0

400
200

200L 

_' A
0 _  0

120- (C) d

100 - 120

80
uj

~~60
60 -

40-
~40

20

20o

0 4 8 12 16 20 24 0 4 8 12 16 20 24

TIME (h) TIME (h)

Fig. 2. Variation of geophysical indices and electrodynamic parameters for September 19, 1984. (a) AE index
(minute values) for September 19, 1984, showing detailed development of substorm activity. (b) Hemisphere power
index (supplied by D. S. Evans. NOAA). (c) Joule heating integrated over northern hemisphere obtained from AMIE
technique lafter Knipp et al., this issuel. (d) Potential difference from AMIE technique tafter Knipp el ul., this issuel.

for the entire simulation was 2 min, and linear interpolation to a computer algorithm than a manual technique. The
was used to obtain input values at a given time step. Specific AMIE technique of Richmond and Kamide [19881 and Rich-
features of the inputs employed in the simulations for the inond et al. (1988] was therefore adopted for this purpose for
ETS interval will now be described. September 19. The AMIE algorithm has the further advan-
3.1I. Ionospheric Convection tage that many different types of data may be assimilated to

derive the final convection pattern. The derivation of poten-
For realistic simulation of polar thermosphere dynamics tial patterns for the ETS interval from large quantities of data

by the NCAR TGCM during magnetically disturbed periods, in the northern hemisphere is discussed in detail by Knipp et
the spatial distribution and temporal evolution of high- al. [this isst,']. The patterns were obtained with a 10-min
latitude electric fields must be accurately defined. Normally, time re-- i ,n and are thought to be the most realistic
the high-latitude convection pattern is not available, and a represent. f the ETS convection patterns currently
representative pattern must be substituted. Early studies of possible.
global thermospheric dynamics employed simple patterns Throughout the day, the shape and size of the convection
such as the Volland 11978] model. More recently, the ileelissc as t1987 model har been he le pattern changes on time scales of less than I hour. Figure 3etal. 11982] model has been adopted, as described by Roble depicts potential patterns for 09, II, 12, and 18 UT on the

Roble et a). [1987, 1988] have recently compared time storm day. Around 09 UT, prior to the storm onset, the
dependent TGCM predictions with various data sets and evening cell completely dominates the morning cell, and drift
identified problems in defining the high-latitude convectiov velocities are generally less than 300 m s - 1. The morning cell
pattern using the Heelis model. Similar difficulties were is dominant around II UT and 12 UT and contains drift
encountered for the ETS simulation, in manually tuning the velocities approaching 2000 m s-1. Around 18 UT the
Heelis model to match numerous electric field observations, evening cell is again dominant, although the AMIE pattern is
In general, tuning of the convection pattern for one longitude somewhat distorted in the late morning sector. This selection
sector does not yield improvements in other sectors. of patterns illustrates the complexity of the high-latitude

The fitting of large quantities of data is a task more suited convection and emphasizes the extreme difficulty of manu-
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Fig. 3. Snapshots of convection obtained from AMIE technique for northern hemisphere (>50°N) around 09, II.
12, and 18 UT on September 19, 1984. Arrows indicate convection velocities, and contours depict corresponding
potential patterns. The shape, size, and orientation of dawn and dusk cells vary dramatically during the storm period,
with maximum velocities approaching 2 km s -1.

ally tuning a simple analytic model such as the Heelis model the northern hemisphere simulations or data comparisons;
to obtain realistic instantaneous patterns, however, waves generated in the southern hemisphere prop-

Very few electrod,,namic data were available from the agate into the northern hemisphere and therefore perturb the
southern hemisphere for the ETS interval; therefore the thermospheric simulations, as described later.
AMIE technique could not be applied there. Furthermore, The AMIE technique is difficult to apply to geomagneti-
the potential pattern obtained for the northern hemisphere is cally quiet conditions, such as those on September 18, 1984.
inappropiate for the southern hemisphere because of the This is because the magnetic field inputs to AMIE are
different B y dependence of the dawn and dusk convection deviations from their quiet day values, and on quiet days
cells in the two hemispheres. Similarly, a simple inversion of such as September 18 the measurement errors are compara-
the pattern would place the polar cap entry and exit regions ble with the deviations themselves. We were thus forced to
at the wrong local times. For the southern hemisphere we retain the Heelis convection model for both hemispheres on
therefore readopted the Heelis model (with B y dependence). this day. Since the high-latitude heat and momentum inputs
The parameters required as inputs for the Heelis model were were relatively small on September 18, their influence on
deduced from the northern hemisphere AMIE potential thermospheric dynamics is not expected to be significant
patterns and from various parameterizations described by outside the polar cap.
Emery et al. (19891. The northern hemisphere patterns
contributed a measure of By, cross-polar cap potential, Paricle Pr'cipilaiho
radius of convection, and the falloff rate of the potential

equatorward of the convection reversal. Note that defining a Parameterization of the particle precipitation in the au-
southern hemisphere Heelis pattern to approximately match roral oval, the polar cusp, and polar rain was described in
a fully defined convection pattern from the northern hemi- detail by Roble and Ridley 119871 and Emery et al. 119891.
sphere is relatively simple, although the results for the The parameterizations were designed to give reasonable
southern hemisphere are not expected to be as realistic as for TGCM inputs for a variety of situations, and by their nature
the northern hemisphere. This use of the Heelis model in the represent average conditions. For the ETS interval a DMSP
southern hemisphere was not expected to significantly affect satellite and two NOAA satellites measured auroral particle
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precipitation in different magnetic local time sectors, and LOCAL TIME

data were therefore available to test the validity of the a12

parameterizations. In general, the location of the parameter- 114

ized oval differed from the measured location.
Numerical experiments revealed that for magnetically

active intervals, changes of a few degrees in the location of
the precipitation modified the Joule heating and momentum 13 16

forcing in the model and produced significant variations in
the global wind patterns. For the ETS interval, some effort
was therefore put into tuning the location of the oval by
using the satellite measurements, and a semiautomatic tech-
nique was developed, as described by Emery et al. [19891. 6 18

Figure 4 illustrates an example where the tuning signifi-
cantly changed the location of particle precipitation in the P
model, although the effect was less dramatic in most other
cases. At about 1412 UT the hemispheric power was 61 GW,
and the cross-polar cap potential was 72 kV. Figure 4a 4 20
depicts the auroral oval obtained from the parameterized
model for these conditions. The solid radial lines in Figure 4a
indicate where the DMSP and NOAA satellite measure-
ments of particle energy flux exceeded 0.25 erg cm-I s-1. 22

The dayside measurements are equatorward of the predicted
oval.

Tuning of the oval to match the data, as described by
Emery et al. [19891, yields the result depicted in Figure 4b. LOCAL TIME
The radius of the oval has increased by 20, and its center (0) b 12
is offset toward the opposite side of the magnetic pole (P) 114
with respect to the parameterized result.

Although the tuned auroral oval matches the measured
oval much better than the parameterization, the simplicity of
the model means that details such as narrow or wide auroral 8 16
regions cannot be reproduced in general. The orbital period
of each satellite was about 100 min, and although data were
generally available from both hemispheres, coverage was
extremely sparse. Neither the temporal nor spatial develop-
ment of the auroral oval could be reproduced with any great 6 18
accuracy. For more realistic TGCM inputs, denser data
coverage is necessary. The type of images provided by the
DE I or Viking satellites, which often show the entire
auroral oval with a time resolution of about 10 min, might be
used in the future if they can be transferred to the TGCM 4
grid and if particle energies and fluxes can be inferred from
the data.

3.3. Auroral Particle Energies 2 2

Particle energies are an important consideration for high-
latitude dynamics, since the energy determines at what
latitude theyarices dincepoit energy determ s and Fig. 4. Comparison of (a) parameterized and (b) tuned auroral
altitude the particles deposit most of their energy and oval in TGCM, for 1412 U'" September 19, 198.4. Solid radial lines
produce most ionization. Two particle populations are of indicate satellite measurements of energy flux exceeding 0.25 erg cm
interest here: those with energies <300 eV which deposit s -1 . For a hemispheric power of 61 GW and cross-polar cap
their energy above - 180 kin, and those with energies >300 potential of 72 kV, the parameterization yielded an auroral radius of

eV reaching altitudes below 180 km. Because the Pedersen 22.4', with a center (0) offset from the magnetic pole by 4.3 and 1.0'
toward the midnight and dawn sectors, respectively. The tuned

conductivity peak is below 180 km, the latter population auroral oval has a radius of 26.2', and its center (0) is off.et from the
determines the altitude and amount of Joule heating in the magnetic pole by 0.8 and 3.3" toward the noon and dusk sectors,
model due to enhanced conductivity, respectively.

A brief examination of the NOAA and DMSP satellite data
for particle energies >300 eV revealed that the particle
energies in the parameterized auroral oval model of the instead of 120 kin, and the contribution to Pedcrsen conduc-
TGCM were significantly higher than those observed during tivity and Joule heating would be much smaller in the model
the storm. Typically the observed values of I keV were than if the ionization had been correctly deposited at 120 km.
modeled by 4-keV electrons in the TGCM. The altitude of which is close to the Pedersen conductivity peak. Thus the
maximum ionization in the model would then be ' 100 km particle precipitation model described by Roble et al. 119871
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Fig. 5. Quiet day winds and temperatures for Z = +2 pressure level at 18 UT, from the NCAR TGCM. (a) No tides.
(b) Tides included. (c) Same as Figure 5b but only northern hemisphere is depicted in polar coordinates, for latitudes
exceeding 40°N. The velocity vector scale is the same for all three frames.

was modified to yield energies consistent with data from the son et al. [1981]. Roble and Ridley 119871 described modifi-
satellites [Emery et al., 1989]. A simple sensitivity study cations to the TGCM to account for auroral precipitation in
reveals that the global effects of such changes are insigma- the lower thermosphere that the empirical models do not
cant during quiet times, but extremely important during adequately represent. The auroral electron density enhance-
magnetically active intervals. A detailed discussion of the ments discussed above were added to the densities obtained
effects of varying the particle energies in the TGCM is from the international reference ionosphere (IR) [Bilitza,
outside the scope of this paper. 19861, and the total electron density was used to calculate

Soft particle precipitation in the TGCM currently includes ion drag, momentum forcing, and Joule heating terms at each
only the polar rain and polar cusp precipitation [Roble and TGCM time step. The IRI ionospheric model provides peak
Ridley, 1987]. The heat input per unit mass is greater for electron densities at approximately correct altitudes, a,-
low-energy particles because their energy is deposited at thoughfF, is somewhat reduced from the values measured
higher altitudes, and very significant effects in the F region
winds can be generated by a small total energy input. An on quiet days during the ETS interval. Consequently, the ion

additional soft particle component (-200 eV) was thus drag would tend to be underestimated in the TGCM. The

invoked by Smith et al. [1982] to yield stronger equatorward 0-0' collision cross section is another important parameter

mid-latitude F region winds in the University College Lon- for determining the ion drag. Recent work by Burnside et al.
don (UCL) three-dimensional thermospheric model. Future 11987] suggests that the 0-0' collision cross section of
versions of the TGCM will include this additional soft Schunk and Walker [1973] is too small, and its value was
particle component in the auroral oval. therefore increased by a factor of 1.5 in the present simula-

tion.
3.4. Background Ionosphere

3.4 BakgrundIonsphre3.5. Upward Propagating Tides
Roble et al. [1988] have designed a coupled thermosphere/

ionosphere general circulation model (TIGCM) that calcu- Semidiurnal tides propagating from Ihe lower atmosphere
lates a self-consistent ionosphere with thermosphere dynam- represent a major influence on the thermosphere, particu-
ics. This model is presently in a state of development, and in larly at low altitudes [e.g., Fesen et al., 19861. Tides were
this paper we use an older version of the TGCM in which the ignored in the two solar maximum simulations mentioned
ionosphere is specified empirically as described by Dickin- above. Since they are important, they have been included in
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the present simulation using the specifications of Fesen et al. 60 -

[1986] for equinox solar minimum conditions. 40 a

4. RESULTS OF THE SIMULATION 20

4.1. Upper Thermosphere 0

Having described the TGCM inputs for the September -20
E18-19 ETS interval, the results of the simulation will now be -: -40

described in detail. Presentation of the quiet day (September t
18, day 262) morphology provides a context for the storm a -60

ztime (September 19, day 263) results. The effects of tides on -80 MILLSTON(84.262)
the thermosphere during the quiet period are discussed

<-100..briefly in order to isolate tidal effects from those due to the c 0
magnetic storm. D b

Winds and temperatures. The quiet day global variations z 40
of neutral winds and temperatures predicted for 18 UT on 20 -O

the Z = +2 pressure level (altitude of about 300 km) are 0
shown in Figure 5. Figure 5a was obtained from a simulation 0 0

y 0

.20

4 . - . 04
4 g * 1 4''400

,, , , -60 ARECIBO(84.262)
Iv " , , ,

3 00 0 4 8 12 16 20 24

" F 7 at o eo UT (h)

200 rFig. 7. Variation of meridional neutral wind for 300 km at (a)
-, - - -- Millstone Hill and (b) Arecibo on quiet day (1984, day 262),

Z ' predicted by the NCAR TGCM. Dashed line indicates no tides; solid
line shows effect of including tides.

-4-5 .which excluded upward propagating semidiurnal tides, while-6 100 tidal effects were included in Figures 5b and 5c. In the

-) r absence of tides (Figure 5a) the main features of the temper-
- - 0 -30 0 30 60 90 ature variation are a day-night asymmetry, with a maximum

a) CSG LAt DEC, afternoon temperature 150 K hotter than the minimum

nighttime temperature. The winds display the well-known
propensity to blow from the dayside high-temperature bulge

40 toward the cold midnight sector. The postmidnight equato-
4 I I I Irial temperatures are enhanced by about 20 K because of

3 . Icompression associated with convergence of the nighttime

z30 meridional neutral winds.,;"' (F° ° , , , , l .' '' oo Inclusion of the upward propagating semidiurnal tides in
',, the simulation (Figures 5b and 5c considcrb y complicates

0 " the thermospheric response at the Z = +2 level. At low
- .2 .' W ' t

-latitudes the tides generate a 20-K enhancement in the
". -2 , dayside temperatures, and the midnight temperatures are

'-2 ~ , . - about 50 K hotter than in the absence of tides. A similar
. ..result was obtained by Fesen et al. [1986J. The "midnight

-4 ( ...:-, • .- temperature bulge" has been discussed in detail by Spencer
- " " "" ,-- et al. [19791 and more recently by Herrero et al. [19851.

-It . '. .--- .'., I -The neutral wind response is also modified by the inclu-
- '..... ---. '' too sion of tides in the simulation. This modification is illustrated

- 0 .for 18 UT by reference to Figure 6, which depicts the
b) GEOG aT 60 meridional neutral wind structure with and without tides for

the 70'W longitude sector. In the case of no tides (Figure 6a)
Fig. 6. Latitude versus pressure level slices showing variation the structure is very simple, with poleward winds at all

of meridional neutral wind for 70 'W at 18 UT on a quiet day. (a) No latitudes and altitudes. The upward propaga' ng lides result
tides. (b) With tides. Solid contours indicate winds blowing toward
the south; dashed lines indicate northward winds. The contour in a complex wind structure (Figure 6b), which includes
interval is 10 rn s- '. reversals of the wind direction. Figure 7 illtstrates the effect
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of tides on the meridional neutral wind at two locations kV (Figure 2). The high-latitude temperatures are generally
(Millstone Hill and Arecibo) in the 70*W longitude sector. In about 100 K above their quiet time values (Figure 5), and the
the absence of tides the winds for Millstone and Arecibo winds remain at about 500 m s- 1 in the polar cap and in the
display a strong diurnal variation. The introduction of tides evening cell. An interesting high-temperature feature has
into the simulation superposes a very strong semidiurnal also developed in the American sector, close to the throat of
variation in the winds at both locations, the dayside convection pattern. This feature corresponds to

Figure 5c depicts a polar view of the quiet time northern the dayside temperature maximum noted by Roble et al.
hemisphere. The polar cap winds driven by convection are 119871 in their study of a magnetic storm close to solar
clearly visible in this plot, and they provide an additional maximum. Air parcels having relatively high temperatures
perturbation on the features described above. Strong an- are brought to this region particularly from the dusk auroral
tisunward winds are obtained in the center of the polar cap. zone. This process continues as the convection pattern
In the dusk sector, sunward winds are visible, driven by the moves round the geographic pole and results, in the present
auroral return flow in the convection pattern. No sunward case, in an apparent corotation of the high-temperature
flow is obtained in the dawn sector because of weaker ion feature over the American sector for several hours. By 23
drag coupling and the fact that the Coriolis force tends to UT (Figure 8e) the high-latitude forcing has diminished, and
throw the winds equatorward in this sector [Fuller-Rowell et the high-temperature region over the United States becomes
al., 1984; Killeen and Roble, 1984, 1986]. During quiet times isolated, to decay over the next few hours. The winds have
the high-latitude wind speeds are typically 200 m s - I . also subsided from storm time values, but the polar cap

Distortion of the temperature contours over the polar cap is tem erau red rm 100 K abo e ut te lrels.

also visible in this plot, with high-temperature contours t ise iterestin to c o e the e tion withl th

extendngIt is interesting to compare these predictions with the

During magnetically active conditions, high-latitude forc- extreme results of Roble et al. [19871 for solar maximum.
Roble et al. [19871 obtained maximum polar cap winds ofing becomes much more important and may even dominate 10 oprdt h rsn 0 ~ hyas

the global thermospheric morphology. The TGCM- a1400 in s- compared to the present 600 m s-n. They also

calculated neutral winds and temperature pattern on the obtained localized polar cap temperature enhancements of

model Z = +2 constant pressure surface (near 300 kin) are 1000 K, and even 5 hours after the peak of their storm the

shown in Figures 8a-8e for five different universal times on mean polar cap temperature enhancement was still about 500

the active day: 09, 12, 13, 18, and 23 UT, respectively. The K. In the present case, a localized enhancement of 300 K

circulation pattern shown at 09 UT in Figure 8a is for the last was obtained, and at 23 UT, 4-5 hours after the main

hour prior to onset of the magnetic storm. The wind and activity, the mean polar cap temperatures are only 100 K

temperature variations are very similar to those described in above their quiet time levels. These differences probably

Figure 5c, but the convection-driven winds are displaced arise from differences in the momentum and Joule heat

further into the nightside at 09 UT since the convection sources in the two studies, which in turn arise from differ-

pattern moves around the geographic pole as a function of ences in the convection drifts and electron densities.

universal time, due to the offset magnetic pole. Heights. Rishbeth et al. [19851 point out the important

After the onset of the magnetic storm, high-latitude effects difference between constant height and constant pressure

begin to dominate the global wind and temperature varia- surfaces. In this paper, constant pressure surfaces are gen-

tions. Expansion of the convection pattern and auroral oval erally used; however, to give some idea of the height

are associated with enhanced Joule heating and momentum variations involved, Figure 9 illustrates the variation of

forcing. At 12 UT, winds exceeding 300 m s - 1 are obtained height with latitude for the northern hemisphere Z = +2
throughout much of the nightside, and speeds of 600 m s - I surface (the southern hemisphere is very similar). Polar plots
are generated in the polar cap. Convection effects are so are used to clarify the high-latitude effects since they are
strong that sunward winds are produced in the dawn sector more extreme than the low-latitude ellects. In the present
at high latitudes while at lower latitudes, winds generated by sunspot minimum case, the Z = +2 pressure level corre-
Joule heating blow strongly equatorward. Temperatures in sponds to altitudes close to 300 km. In contrast, at solar
the polar cap and auroral zone have increased dramatically maximum, the Z = + I pressure level corresponds to about
ind exceed the normal daytime low-latitude maximum tem- 300 km [Roble et al., 1987).
perature of 900 K noted in Figure 5. In addition, the sudden The heights at a constant pressure level are most sensitive
increase of high-latitude forcing generates propagating dis- to underlying temperature variations; therefore the patterns
turbances. The low-temperature region equatorward of the illustrated in Figure 9 are for the same times as the temper
nightsidt auroral zone, and the higher-temperature region at ature plots of Figure 8. Tidal effects are visible in the prestorm
lower latitudes, are both associated with a global scale case for 09 UT (Figure 9a). At low latitudes the semidiurnal
disturbance which is propagating equatorward. By 13 UT the height variation has extremes at 16 LT (310 km) and 21 LT (285
low-temperature region associated with the disturbance has kin) and resembles the semidiurnal temperature variation of
reached latitudes of about 300 on the nightside. Winds at low Figure 5c. High-latitude heating effects also distort the day-
and middle latitudes are everywhere equatorward, driven by night height variation in Figure 9a.
the pressure gradient from high to low latitudes. The tem- By 12 UT the storm is well developed, and the height
perature contours at this time are extremely complex, be- contours are their most distorted, with altitudes ranging from
cause of the presence of various propagating disturbances 342 km in the high-temperature region over Greenland to 290
and localized regions of heating. km in the low-temperature low-latitude region at 21 LT. At

At 18 UT on the storm day the temperature and wind 13 UT the height contours are also very distorted, but the
variations have relaxed somewhat and are much less cha- minimum height of 280 km is now associated with a low-
otic, although the cross-polar cap potential is still around 65 temperature region of the auroral zone, while the maximum
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Fig. 10. Vertical winds predicted b5 ihe TGCM for the Z +2 pressure level at (a) 09 UT, (hi 12 UT, and (ci) 13
UT for September 19, 1984. Solid and dashed contours represent upward and downward winds, respectively. Dl. U t.
etc., indicate regions of downward and upward winds associated with propagating disturbancCs.

of 330 km coincides with a propagating disturbance on the pattern is typical of quiet times, with downward nighttime
dayside. winds and upward daytime winds at the lower latitudes.

At 18 UT the low-latitude heights are about 10 km higher Joule heating in the auroral zone generates upward winds,
than their prestorm values. A broad low-altitude (-300 km) and in the central polar cap the winds are downward. Typical
region has also developed at high latitudes. This feature vertical wind speeds are everywhere less than 5 m s - and at
lasted through the end of the day and developed into a the lower latitudes I m s -

four-cell pattern of highs and lows as illustrated in Figure 9e The onset of magnetic activity leads to enhanced Joule
for 23 UT. The reason for this feature is not clear, since there heating at high latitudes and the generation of propagating
are no similar features in the temperature variations of disturbances similar to those described by Roble et al.
Figures 8d and 8e. The discussion will return to this feature (19871. At 12 UT (Figure l0b) a complex wind pattern exists.
later in the paper. most of which is due to waves propagating preferentially into

Vertical winds. At 09 UT (Figure l0a) the vertical wind the morning sector. A region of downward winds (D) has
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9. -- until the auroral zone is reached. At high latitudes, N,
e. 2 densities again increase because of the effects of upwaruvertical motion generated by Joule heating in the auroral

.92 zone. The inclusion of tides in the simulation (Figure I lb)
introduces a semidiurnal variation at low latitudes. resulting
in N, enhancements at both dawn and dusk. In both cases
(with and without tides) the minimum value of'N 2 density for

"-- < . a fixed pressure level is at subauroral latitudes, and the exact
- location of the minimum varies with UT as the magnetic pole

- -07 moves with respect to the geographic pole.
-IN. -156. -i,2. -,. -8. -38. 6. 39. W. W12. . is$. Molecular oxygen 0, tends to display the same type of

a) LOITL.E variations as N,, but it is a minor constituent at F region
altitudes and can essentially be ignored. Atomic oxygen, on
the other hand, tends to display the opposite behavior from

W. N, and therefore has its maximum vilue at subauroral
latitudes. The atomic to molecular ratio, 0/tO, + N, , which
is an important parameter in determining I region electron

. concentrations [e.g., Rishbeth and Garriott. 19691. thus also
Ihas its maximum value for a given pressure level, at subau-

rotal latitudes.
Having established the main features of the quiet timecomposition variations for F region altitudes, we will now

address the effects of a magnetic storm on the compo-,ition.
Figure 12 illustrates the development of the distribution of

-IM . -L12. - . - . - 3-a . 8. 39. 6. 98. 12,. M. 188. log N2 number density for a pressure level of Z = +2 in the
b) LNITU.D northern hemisphere during the TGCM simulation for Sep-

tember 19, 1984: 09, II, 12, and 18 UT (Figures 12a-12d,Fig. II. Global distribution of log N2 number density for 12 UT respectively). Note that this sequence of times is different
at the Z = +2 pressure level for the quiet day September 18, 19H4.
(a) No tides. (b) With tides. from the sequence in Figure 8 to illustrate the composition

development most clearly. 09 UT is the last hour before the
magnetic storm onset and Figure 12a thus represents a quiet

propagated beyond 27'N in the morning sector, and its time pattern. By II UT the auroral oval has expanded, and
extension to other local times virtually encircles the globe, enhanced Joule heating, especially in the midnight sector,
Poleward of this is a region of upward winds (U I), and then leads to upwelling of N, from lower pressure levels. Strong
more downward winds (D2). In the polar cap/auroral zone, equatorward winds in the postnidnight sector at I I UT blow
vertical winds of almost 20 m s- 1 have been generated, and down sharp composition gradients and t ransport nitrogen-
the propagating disturbances contain vertical wind speeds rich air to lower latitudes in that sector.
approaching 10 m s- t . Further upwelling of N, and its transport to lower lati-

By 13 UT the vertical wind pattern is even more complex. tudes take place as the storm develops (Figure 12c). Coro-
The propagating disturbances Dl, UI, and D2 have reached tation tends to be the dominant effect at lower latitudes, and
lower latitudes, and further disturbances are identified as U2 much of' the character of' Figure 12d (18 u'[) is due to
and D3. In the auroral zone over northern Europe, vertical corotation. The interplay of effects of magnetic activity and
winds of 24 m s-I are predicted. Each new injection of corotation between 12 and 22 UT is further illustrated for the
energy during the later substorms generates new distur- 0/(0, + N,) ratio by Figure 13. To construct this figure, the
bances which propagate from the high-latitude regions, global differences between the active and quiet day 0/(0, +

Composition. Composition effects during a solar maxi- N,) ratio were obtained for each UT between 12 and 22 UT.
mum magnetic storm were discussed briefly by Roble el a/. The contours representing locations at which no change
I1987], in terms of mass mixing ratios. Rishbeth et al. [19851 occurred are plotted in Figure 13. Poleward of these co,,-
discussed a solstice storm in terms of mean molecular mass. tours, the 0(0 + N,) ratio was diminished during the
In this paper, number densities will be discussed, together active day; equatorward the 0/02 + N,) ratio increased.
with the ratio of number densities, 0/(02 + N,). The area of reduced 0/(02 + N) ratio expanded into the

The general features of thermospheric composition for morning sector between 12 and 14 U f; however, little
quiet conditions were discussed by Dickinson et a/.119841. energy was injected into the polar cap between 14 and 16 UT
Some basic points are reiterated here since it is necessary to (Figure 2), and the established composition features simply
clarify the origin of several key features. Figures Ila and lib tended to corotate. From 16 to 18 UT, more Joule heating
compare the global distribution of N 2 with and without occurred, and the same pattern of composition was main-
upward propagating semidiurnal tides. In the case of no tides tained in spite of corotation effects. From 18 to 20 and from
a strong diurnal variation of N2 exists at low latitudes, with 20 to 22 UT the added Joule heating was not sufficient to
the highest (lowest) values of N 2 occurring at dusk (dawn). cause further significant composition changes at high lati-
This diun al variation is simply due to the diurnal variation tudes; therefore the established pattern simply corotated
of vertical velocity, which is upward during the day and with the Earth.
downward at night. There is also a latitude variation, with Since vertical winds of approximately I m s - produce the
N, being reduced as latitude increases from the equator, quiet time diurnal composition variation, it is clear that the
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Fig. 12. Development of the distribution of log N2 number density for the Z = +2 pressure level in the northern
hemisphere during the TGCM simulasion of September 19, 1984: to) 09 U', th) II UT, (c' 12 UT, and (d) 1X UT.

large vertical winds generated during substorms are capable increases globally, leading to an expansion of the atmo-
of producing comparable composition changes but on more sphere and an increase in total gas density for fixed altitudes
rapid time scales of approximately I hour. The concept of in the upper thermosphere. At constant pressure levels the
composition changes caused by storm time vertical winds storm time conditions refer to greater altitudes (see Figure
has been explored by many previous authors. Recently, A. 9), and the gas density decreases, although at any fixed
G. Burns et al. (A simulation of thermospheric composition pressure level the relative concentration of the different gas
changes for an impulse storm, submitted to Journal of species is unaffected by the expansion IRis/ibet /anwd Garri-
Geophysical Research, 1988) analyzed composition changes ott, 1969, pp. 8-101. in the present case, for fixed pressure
in the NCAR TGCM for a numerical experiment involving levels, the value of [N 2] increases at high latitudes and
an impulsive "storm"s which lasted 3 hours. Perhaps the decreases by more than 10% equatorward of the auroral
most interesting concept is that proposed by Mayr and zone. In contrast, the value of 10] decreases at all latitudes,
Voiland [1973] and Rob/c et al. (1977] where a storm time although the magnitude of the decrease is less than 10%
circulation cell drives high-latitude increases of N,, and a equatorward of the auroral zone. Consequently, the atomic
corresponding increase of 0 at lower latitudes. in the to molecular ratio 0/02 + N2 at the Z = +2 pressure level
present simulation the predicted composition changes are increases equatorward of the auroral zone and decreases at
consistent with the existence of such a circulation system. higher latitudes. This implies that some mechanism such as

Following the onset of magnetic activity, the temperature a vertical wind has altered the neutral composition. A
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12LT the tides. Typical wind speeds are 100 m s-. There is little
evidence of quiet time polar cap temperature and wind

Ie:~ 16 effects, because of the dominant effects of tides.
In the absence of tides the Z = -4 pressure level corre-

• , - sponds to altitudes of 120-122 km. The tides result in a
20 semidiurnal height variation (Figure 15a) between 120 and

22 123 km. The tides also dominate the quiet time vertical winds
if 12 (Figure 16a) and hence the N, number density and compo-

20 sition of the lower thermosphere. The picture of the lower

16 thermosphere presented by Roble et al. 11987] which ne-
06 glected tidal effects is therefore somewhat incomplete and

I , should be regarded as the difference between active and
IS quiet day behavior, bearing in mind the nonlinear nature of

/ , the lower thermosphere.
The development of the lower thermosphere storm fea-

tures in the present case follows a pattern similar to that
described by Roblc et al. [19871. Enhancement of the high-

4 -- latitude forcing following storm onset leads to a warm
evening cell associated with clockwise wind circulation and
a cold morning cell associated with counterclockwise circu-

24 lation (Figures 14b-14d). The maximum polar cap tempera-
ture perturbations of the storm occurred at 13 UT (Figure

Fig. 13. Polar plot of the northern hemisphere (Z = +2) lati- I

tudes 30-90N in fixed local time coordinates, showing develop- 14c) and, from an average quiet time temperature of 350 K,
ment of contours where quiet day and storm time values of 0/(0, + reached 420 K on the duskside and 240 K on the dawnside,
N,) are the same (i.e., zero difference) between 12 and 22 UT. giving a cross-polar cap temperature gradient of l80 K. This
Simple corotation effects would move the pattern anticlockwise by is about half of the temperature gradient obtained by Roble
15 every hour. ei al. [19871. A second high-temperalure feature also devel-

oped at mid-latitudes in the morning sector and is thought to

relatively stable composition pattern has been established by result from a combination of tidal effects and adiabatic

13 to 14 UT (Figure 13), which may imply that a stable storm compression due to the convergence of very strong winds

time circulation system has been set up within 3 hours of which reached 300 m s -1 . These wind speeds are compara-

storm onset. ble with those obtained by Roble et al. [19871 and are large
in comparison with quiet day values. The dissipation in the
lower thermosphere is small in comparison to that at F

4.2. Lower Thermosphere region heights, and as a result, once the pattern is spun up
The response of the lower thermosphere to the storm is during the storm phase, it tends to persist for several hours

different from that described for the Z = +2 pressure after the storm has subsided, as noted by Fuller-Rowell and
surface. Many of the differences between the upper and Rees 119811 and Roble et al. 119871.
lower thermosphere have been discussed by Fulhcr-Rowell The height perturbations closely matched the temperature
and Rees [1981], Roble el al. 11982, 19831, Roble and Ridl'v perturbations at the Z = -4 level. The maximum height
[19871, and Killeen and Roble 119841. Rob/c et al. [19871 perturbations during the storm occurred at 13 UT and
discussed the lower thermosphere response to an equinox yielded a cross-polar cap difference of 8 km Figure 15b).
magnetic storm at solar maximum; however, their simulation This difference had relaxed to 3 km by 23 UT (not shown).
neglected the effects of upward propagating semidiurnal Quiet time vertical winds at the Z = -4 level are typically
tides. The tides dominate the quiet time morphology of the -0.2 m s - 1, but during the storm, intense Joule heating in
lower thermosphere and have been included in the present the midnight sector at II UT produced upward vertical
solar minimum simulation. winds of 4.2 m s - (Figure 16b). This heating also led to the

In the absence of tides the main features of the global generation of propagating waves, whose manifestation at the
temperature distribution in the lower thermosphere would be Z = +2 level has already been discussed. They will be
a 12-K day-night temperature difference which is perturbed discussed in more detail in a later paper. Prior to the storm
in the polar cap by ± 10 K in a two-cell pattern as described the 0 and N, densities are relatively uniform. The storm
by Roble et al. [19871. The neutral winds would blow from leads to a negligible change of N 2 and small reduction of 0
the dayside to the nightside. Low-latitude winds would at the Z = -4 level, consistent with the change of mass
typically be 10 m s -1 , with maximum speeds of 75 m s - mixing ratio noted by Roblc et al. [19871.
antisunward over the polar cap. Typical quiet time results The mechanisms which produce the two-cell structure in
with tides for the Z = -4 pressure surface (corresponding to the lower thermosphere at high latitudes have been dis-
heights of about 120 km) are presented as Figures 14a-16a. cussed in detail by previous authors. Roble et al. 11982]
The tides introduce a 70-K semidiurnal temperature varia- showed that the high-latitude two-cell convection pattern
tion (Figure 14a) with high temperatures at dawn and dusk, drives the two-cell lower thermosphere response by momen-
and smaller temperatures at noon and midnight. In contrast tum coupling. By considering the curl and divergence of the
with the upper thermosphere, the lower thermosphere neu- lower thermosphere wind field, they demonstrated that
tral winds appear to blow from the low-temperature to the strong upward winds are associated with the vortex which
high-temperature regions because of the phase properties of forms on the morningside, and the cold temperatures are due
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Fig. 14. Development of the wind and temperature distribution for the Z = +4 pressure level in the northern
hemisphere during the TGCM simulation of September 19, 1984: (u) 09 UT, (b) 12 UT, (c) 13 UT, and (d) 18 UT.

to adiabatic cooling. The high temperatures in the evening dayside of the polar cap and regions of reduced electron
sector are due to a combination of adiabatic heating and density on the nightside.
horizontal advection. A further complication has also been introduced in the

The balance of forces which maintains this circulation present study by the use of realistic convection patterns. In
pattern has been discussed by Fuller-Rowe/l and Rees [1984] previous studies [e.g., Roble el al., 1982, 1987], simple
and by Killeen and Roble [1984]. The intensity of the symmetrical convection patterns have resulted in a lower
circulation around the vortices, and the magnitude of the thermosphere response containing a warm evening cell
temperature perturbation, depend on the strength of mag- which was broader than the cold morning cell. In the present
netospheric convection. There is also a complex universal study, the relative sizes and orientations of the convection
time dependence to the circulation and temperature struc- cells varied dramatically (Figure 3). The relative sizes of the
tures as the magnetospheric convection pattern rotates resultant vortices in the lower thermosphere were also
about the geographic pole. The importance of ion drag varies highly variable as illustrated by Figure 14. For example, at
as the convection pattern crosses the terminator and moves 12 UT (Figure l4b) the morning vortex was broader and
alternately into regions of enhanced electron density on the more intense than the evening vortex. The corresponding
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12 between 197 and 201 km. The TGCM density predictions for
fixed altitudes were examined in an attempt to interpret the

a) 9. sfeatures in the density measurements. After about 16 UT on
the storm day a remarkable feature emerges in the polar cap,

as illustrated in Figures 17b, 17c, and 17d, for 16, 17, and 23

16 UT. The feature consists of a four-cell pattern of alternately
high and low densities centered approximately on the mag-

netic pole, with the highs being approximately Sun aligned.
122 (The extended high-density region at lower latitudes in the

dawn sector at 16 and 17 UT is associated with a propagating

19 6 disturbance and is not part of the high-latitude structure.)
' •21. The four density cells appear to be closely related to similar

122. Yfeatures in the height variation. Thus for 23 UT, the density

cells (Figure 17d) are colocated with the height cells of

12

22 2 1

b)a 9. 00 ,
12 1

86 4 is 6

12

Fig. 15. Height distribution for Z =+4 pressure level in north-
ern hemisphere (30'-%IPN) from TGCM simulation of September 19, 16
1984: (a) 09 UT and (b) 13 UT.

convection pattern (Figure 3c) also contained a morning cell
which was broader and more intense than the evening cell.
On the other hand, at 18 UT (Figure 14d) the lower 18

thermosphere temperature distribution and circulation had a
dominant evening cell and resembled those of previous .0
studies. The corresponding convection pattern (Figure 3d)
also had a dominant evening cell. A detailed analysis of the
balance of forces in this simulation, such as that provided by 2
Killeen and Roble [ 1984], is outside the scope of this paper. -.-..-

However, this simple analysis furthet indicates the sensitiv-
ity of the lower thermosphere to the details of the high-
latitude inputs. 22 2

4in. ntrsiting egi (200 cti Fig. 16. Distribution of vert wind 4 pressure level
iTntneo 0in northern hemisphere (30(-90°N) from TGCM simulation of Sep.

During the ETS interval the S85-1 satellite measured total teber 19, 1984: (it) 09 UT, contou nte 0.8 m () II UT.

atmospheric density in an almost circular orbit at altitudes contour interval 0.5 In s
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Fig. 17. Development of total mass density (x 10 - 15 g CM- 3 ) at 200 km for the northern hemisphere (30°-90°N)
during the TGCM simulation of September 19, 1984: (a) 00 UT, (b) 16 UT, (c) 17 UT. and (d) 231 UT. The main high-

and low-density features are labeled appropriately.

Figure 9c, and the smaller (greater) densities correspond to the polar cap. Thus at 16 UT the amplitude of the perturba-
lower (higher) altitudes. tions is comparable with the amplitude of the low-latitude

An outline of the auroral oval is superimposed on each tidal effects, while prior to the storm at 00 UT (Figure 17a),
frame of Figure 17. Because of the offset magnetic and only the low-density dawn cell is visible.
geographic poles the locations of the auroral oval at 16 and The existence of this new feature is confirmed by the S85-1
23 UT are very different. In both cases, however, the satellite measurements. During the afternoon of September
four-cell density pattern essentially lies within the polar cap 19, density perturbations measured on three separate satel-
and auroral zone, indicating strong geomagnetic control of lite passes are colocated with the dayside high-density and
the feature. The amplitude of the density perturbations dusk low-density regions predicted by the TGCM. The
depends on magnetic activity, and the most prominent part morphology of these density anomalies will be described in
of the pattern is the low-density region on the dawnside of more detail in a later paper. The cause of the anomalies is not
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clear at present and will be the subject of further investiga- unrealistic effects. The composition changes predicted by
tion. the NCAR TGCM should have a profound effect on F region

electron concentrations, particularly in the American sector,

5. SUMMARY AND CONCLUSIONS and will form the basis of a future study.
Previous work on composition changes during magnetic

A degree of confidence in global thermospheric models storms has emphasized the importance of vertical diffusion
has been established by their ability to predict seasonal and in maintaining diffusive equilibrium [e.g., Rishbeth el al.,
solar cycle variations. Numerical experiments also indicate 1985]. Poststorm recovery of thermospheric composition has
that the TGCMs produce reasonable results for time- also implicitly been assumed to be diffusion-driven. Unfor-
dependent simulations. Verification of the TGCMs by the tunately, the present TGCM simulation never recovered, in
simulation of many different events using realistic inputs and spite of running for a further 3 days with moderate high-
obtaining realistic outputs is now under way. The ETS latitude inputs. Burns et al. [this issue] describe how vertical
interval of September 1984 provided an ideal opportunity to advection appears to be the mechanism causing poststorm
continue the verification process since large quantities of composition recovery, and how the inclusion of a self-
high-quality thermospheric data were obtained during an consistent aeronomic scheme in the TGCM is necessary to
intensive coordinated campaign. This equinox solar mini- achieve such a recovery.
mum case also provides an interesting contrast to the equi- A new and interesting feature of the polar cap thermo-
nox solar maximum simulations described by Roble et al. sphere has been discovered in this simulation. A four-cell
[1987]. pattern of high and low densities is predicted for altitudes

Novel techniques were developed to specify the high- around 200 km following the storm. The exact location of the
latitude convection and precipitation inputs for the TGCM, cells varies with universal time, but the high densities are
and to tune them for the ETS interval. The high-latitude generally displaced toward the noon and midnight sectors of
convection patterns for the ETS interval were derived from the polar cap while the low densities are displaced in the
the AMIE technique of Richmond and Kamide ( 19881, which dawn-dusk direction. The intensity of the density perturba-
provides a best fit potential pattern (in the least squares tions varies with magnetic activity. The detailed morphology
sense) to a variety of ionospheric data. Particle energies and of the four-cell density feature and satellite data supporting
the location and size of the auroral oval were tuned by its existence will be discussed along with possible generation
reference to satellite data collected during the ETS period. mechanisms in a forthcoming paper.
Semidiurnal tides propagating from the lower atmosphere The objective of the ETS is to understand the thermo-
were also included in the present simulation, spheric response to variable high-latitude forcing. Crowley et

The effects of both tides and high-latitude forcing on the al. [this issue] will quantitatively assess the validity of this
quiet day global thermospheric morphology were described. state of the art simulation. The model accurately reproduces
The storm time response of the thermosphere was then many features of the ETS data and may therefore be
contrasted with the quiet day, emphasizing the increased considered realistic. Analysis of the model permits investi-
importance of high-latitude forcing. The enhanced auroral gation of the observed phenomena and leads to an improved
particle precipitation and magnetospheric convection during understanding of the thermosphere. Discrepancies between
the magnetic storm led to large disturbances in the global the predictions and observations yield additional insights,
circulation, temperature, and composition patterns. These and suggestions will be made for improvements in future
disturbances propagated preferentially from high latitudes simulations.
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